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ABSTRACT 


A CO,-HN laser is designed and constructed. The use of 


5 
M7 dtraZzZo1re acid, being highly explosive and toxic, requires a 
design where the gas handling and optical systems are lo- 
GCacved inside a fume hood with exhaust to the outside. The 
laser utilizes a pumping scheme where energy released by the 


pmevcolysi1sS Of HN. 1s used to create a population inversion 


3 
mae CO. . 


2 

Himiager Mreniaehes of the developmental work are: 

(1) design and fabrication of the laser tube and resonant 
eee 2) design, construction and operation of the Ee 
generating and gas filling systems, and (3) flashlamp dis- 
CHarse Circuit design and development of the charging 
eomerol system. 

Operation of the laser is the subject of subsequent work 
with the system. Preliminary experiments and suggestions 
aeomineluided in this study. Furthermore the basic principles 
and equations governing the operation of a OS gett a seiey a iC 


3 


derived. 
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Pee LORY 


The Nobel Prize in Physics 1964, awarded to C.H. Townes, 
N.G. Basov, and A.M. Prokhorov, was the climax of public 
PeeOrnhivion Of a most remarkable, if not revolutionary 
scientific discovery: the maser, ancestor of the laser. 

Wiemroous 'Or this discovery co back to the early days 
of quantum physics when Einstein first introduced the idea 
of stimulated emission of radiation [Ref.1]. In the follow- 
ing years several scientists touched the idea of "negative 
absorption" and "stimulated emission," however, no proposals 
Wetrewmmiacde bo Make Use of Chis raciation for amplifiers or 
Sees ators. 

After 1945, independent progress was made by a number of 
scientists toward the development of devices using stimulat- 
ed emission in the microwave frequency range. 

Magen 955.) Townes, then at Columbia University, New 
Pom wmcnd tis two research Students, Gordon and Zeiger, 
succeeded in the operation of the first maser using ammonia 
molecules. In 1954, Basov and Prokhorov of the Lebedev 
iiaeirueverin Moscow, independently of Townes, designed aac 
published a proposal for a very similar ammonia maser 
Ret. |). 

Once the feasibility of the maser had been demonstrated 
research concentrated on the development of masers at fre- 


quencies higher than the microwave region. Townes anu 





teeeerenw schawlow from Bell Telephone Laboratories at 
Murray Hill, New Jersey, together proposed an optical maser 
Morne excited potassium vapor with a predicted wavelength of 
3.14 microns, in the near infrared [Ref.2]. However, the 
System could not be made to work. In September 1959, during 
Peer irst Symposium On quantum electronics at Schawanga 
Lodge, High View, New York, Schawlow outlined a scheme for 
PememceSstuate Optical masers using, for example, transitions 
in ruby. In July 1960, T.H. Maimen of the Hughes Aircraft 
Company's research laboratories at Malibu, California, who 
had been aero ene With ruby illuminated by flashes of light, 
mammouneed Che successful operation of the first optical 
MaSer. In the same year, the term “Laser” was introduced to 
replace "Optical Maser" [Refs.2,31. 

The first gas laser was built by A. Javan at the Bell 
Telephone Laboratories in the fall of 1960. Laser action 
occurred in a mixture of helium and neon utilizing transi- 
tions between electronic energy levels of the neon. By 
1964, thirty-two gas combinations were known to produce 
laser emissions [Ref.4]. All of these systems, however, 
were inherently restricted to milliwatt outputs. 

In the spring of 1964 C.K.N. Patel [Ref.5] published the 
Gascoveryot sasmetatype Of laser: the molecular gas laser. 
ies WOrke With tae CO, molecular laser opened the field ror 


a new dimension in laser research and applications, crested 


byte Possibility of obtaining power outputs of sevens 





Pei@eoree nes WOrkK reported herein describes the design and 


Pomsuruevion Of a variation of this basic CO. laser. 
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Il. THE LASING MECHANISM IN CARBON DIOXIDE 


A. CO5-No VIBRATIONAL-ROTATIONAL STATES 


Every laser 15 a quantum mechanical device. Particles 
Emer ecguanla of energy in the form of radiation that are re- 
Peeeonoy Fransitions from higher to lower energy levels. 
Before Patel developed the molecular gas laser in 1964, all 
then known two-component gas lasers utilized an energy trans- 
fer between electronic states of tne two-component gases 
[Ref.6]. The first molecular gas laser oscillation also 
was obtained from electronic transitions of a number of di- 
mibomie gases. The CO, molecular laser, however, makes use 
Meperanisitions between vibrational states within the same 
eutecuronic jJevel of the CO. molecule. Although only a quan- 
tum mechanical treatment can accurately describe the vibra- 


Sonal energy levels in CO a classical model will provide 


on 
a more easily visualized and satisfactory explanation. AS 
imeiietravea im Pigure I.) the vibrational state of the mole- 
cule is described by three quantum numbers, Vis Vos and ve 
pneceissusually written in the form (V1 V5V3), where V4 des- 
cribes the number of vibrational quanta in the symmetric 
Selo Penna Imode., V5 the number of vibrational quanta in the 
bending mode and uO the number of vibrational quanta in tne 
asymmetric stretch mode. The bending mode, being two-fold 
degenerate, usually carries a superscript to indicate we 


a = 


degeneracy. The vibrational energies corresponding tc 


ek 





modes and combinations of modes can be represented in an 
Semeorey tevel diagram. Pertinent parts of such a diagram are 
Paevem in figure 2. | 

imei Lon CO une Quantization into vibrational levels 
M@g@erewexist a number of rotational levels for each of the 
Vibrational states [Ref.7], characterized by the quantum 
momoer J. A change in J of + 1 ccrresponds to a change in 
rotational angular momentum of + h/2n, where h is Planck's 
molecule, certain 


2 


J values are prohibited depending on the vibrational state 


constant. Due to the symmetry of the CO 


eeecoe molecule. In particular, for the vibrational levels 
utilized in a CO., laser at 10.6 microns, even J levels are 
absent in the upper laser level, (001), and odd J levels in 
the lower laser level, (100) [Ref.8]. Transitions between 
midese CWO vibrational levels therefore result in a vibra- 
Miloleale rotational band, where the center of the band cor- 
responds to the spacing between the vibrational levels in 
the absence of any rotational energy (Figure 3). There are 
no transitions in the center of the band because AJ can not 
DemZzero Lor eee ene involved. The allowed transitions 
corresponding to AJ = +1 are called P-branch transitions 
(longer wavelength), whereas those corresponding to AJ = -l 
are called R-branch transitions (shorter wavelength). Fig- 
ure 4 shows the Boltzmann distribution of the population den- 
sities of the rotational energy levels of the upper laser 


level. A similar distribution holds for the lower laser 


Me 





eel ne F-branch transition from the K = 21 level of the 
(001) state to the j = 22 level of the (100) vibrational 
state has the highest gain [Ref.7] and starts oscillating, 
thereby emitting radiation at 10.6 microns. Due to the 
mw eoeesniOrt relaxation time of the rotational levels 
(=10-! sec), the original Boltzmann distribution is maintain- 
‘moyeeranster Of molecules from other rotational levels to 
Mew = el level. Thus the population density of all the 
Eecatvional eEeys decreases even though laser oscillation 
feces drawing the molecules from the J = 21 level. Asa 
ifeoulG uhe OULpUtT of a CO, Pace reoccums predominantly ona 
Pebe rotational transition of the (00°1) + (10°0) band, 
Pewee veeonsuring very coherent and monochromatic radiation 
peelO.o um. Similarly, lasing at 9.6 um results from a sin- 
alemrotatiomal transition of the (00°11) > (02°0) band. How- 
Sveoreesimee Che intensity of radiation at this shorter 
wavelength is only 1/10 that at 10.6 um [Ref.7], the follow- 
Miewonalveds will tconsider the (00°1) + (10°00) vibrational 
Cremereton Only. in Figure 2 the rotational levels have 
Hou Deen shown for simplicity. The indicated wavelengths 
correspond to the dominating transition within the 
Mibravlonal—=rovavronal band. 

ies addtcaemmon mibroren to a CO. laser results in the 


2 


selective excitation of the CO, molecules to the upper laser 


a 
fewest Nitrogen, ardtacemic molecule, has only one degree 


of vibrational freedom described by the quantum number ¥. 
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Since the energies of the excited a) and CO, (00°1) are 
almost equal (this holds also for the higher energy levels), 
ortho tiransicr ©f vibrational energy through colli- 
sions between the excited states of No (v SE 2 ees ea 
Piemeemecacondine Leyels of the asymmetric stretch mode of 
CO, be Dossibple. Moreover, in N., and CO, Paes. emer Lede 
els are approximately evenly spaced [Ref.7]. This allows a 
mecmaGilDUL1On Of vibrational energy between molecules in 
mmener excited states and those in the ground state, excit- 
ing them to Nov = 1) and CO, (00°1) respectively. It is 
mips transfer of vibrational energy through collisions that 


Pamierli Zea iff the Excitation of virtually every CO, ase 


Pe fOr ULATION DISURIBUTION IN THE CO5-N., LASER 


AG thermal equilibrium the CO, molecules are distributed 


among the allowed energy levels according to the Boltzmann 


wesc rrpuUtl Lon: 
N _ none 
n = &n kr 
- = ‘te 
Nm Em (2-1) 
where 
: ia 
Nn» Ne =e for molecules per unit volume yin, the nn ~; 
meh Stave 
BaD Ss = vibrational energy in the nth, m¢ state 


th eth 


Zao on © Stavicuical weleht of the n° -, m SUere 
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K = Boltzmann constant 


T = absolute temperature 
and 

No t Ny] + No + Ng +.... = N (2-2) 
where 


We-sbotval number of molecules ber unit volume. 

Emom Hquation (2-1) it follows that at T = 0. all molecules 
are in the ground state. At T > 0 thermal equa bein eq 
Guires thet a state with lower energy be more densely popu- 

Pared wna a Stave With higher energy. In order to allow 
Sh ser erlowetmer caquit i braum condition must be disturbed by 
an inversion of population density between at least one pair 
em allowed energy levels. In such a system the Mgher ener- 
ey Jevel is also the more densely populated. To simpolify 


mime Calculation of population densities in a CO,-N., laser 


System the Boltzmann relation may also be used to describe 
PMiemoditeempabine® Vibrational energy levels in the non- 
equilibrium condition of an inverted population [Refs.9, 10, 
11}. If this is done, the temperature in Equation (2-1) be- 
Comes an effective temperature, Ts taaG 1c) Characlerise tc 
Por the excitation of each vibrational temperature I. 

Aaot aera miportane Simplification can be made by using 
Pmemresulvs ol aysurvey of date by Taylor and Bitterman 
Deer sle | Their svuldy shows an extrenely fast vibragifnal 


resonant energy transfer between the N,(v=1) and CO, (OU 4, 


ibs 





levels, as well as a very fast energy exchange between 

CO, (10°0) and CO, (02°0) due to Fermi resonance. In addition, 
because of the nearly equal spacing of the bending mode (v,) 
Ol, CO.» vibrational cW@eney 1s repidly transferred to the 

CO. (010) level. A similar argument holds for the higher 
excited levels of CO, (00°v.) and No: 
The simplifying assumptions made above allow the con- 


pPeicrton Of the iollowing three-level approximation for the 


CO. laser /(rets.11, 13). 
ede wes sroundesvare, nO Vibrational excitation 
Mode [ - excited states in the symmetric stretching and 
bending modes of CO, 
Mode II - excited states in Ny AGeene asymmetric 


stretching mode of CO, . 


The modes are an thermal equilibrium within themselves, 
hive meuvswitrhee@dehmoether. «lm cach mode the Boltzmann distri- 
Pur@eneis established with its characteristic vibrational 
temperature T.. As a result, thewset. of rate equations for 
tie POD latlOnocwol alk possible vibrational levels can now 
be replaced by a few balance equations for the simplified 
nedelwws (his appreach 15 Valid as long as the rate of energy 
Cerio emawirnimeeach mode tS much faster than the energy ex- 
change rate between modes. A schematic of the grouping of 


energy levels for the simplified model is given in Figure 5. 
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For the following calculations it will be assumed that 
miemiiecesecCal De approximaved as harmonic oscillators 


[Ref.14]. Their energies are then given by 


ono (BE -#) 
Gee Ty) Le 1 (2-3) 
and 
a 1 
=~ En = = (E - E.) 
Che 2 U9 Ce } (224) 
where 
Bo; Ey poe roaelorat Oneal energy convained in-mode Ll, 
iter Che Vibrational Cemperature Ti - 
Ble? Eo. SeGuMuibiriune VEbrational energy contained in 
Veco awiwinatve bpieebkocal pas translational 
Pempemwee Cie a. al 
ae T, =Melaraegecristic relaxation time for mode 1,11. 


Mies Peoloaxarien cimes TS and Ty are averages Vic Cea tei ei 
1ze the net rate of energy transfer between the modes in tne 
Miipliitedemoecel. The three najor transitions in this model 


will be defined as follows: 


Get reasci eons between modes J and Ii with relaxa-— 
rere val Ne -t 
| a 
eer siotpicone b °° bepween modes 0 and Il with relaxa— 


wLom tame Ty, 


ee 





Cetra teton. c  —between modes O and I with relaxation 


wime 
C 


b 
CO5-CO> ; CO5-N5 and No-No collisions. They can be visual- 


iemerelaxavtion times Ce oy: and tT, are Cevermined: bDyetune 
ized as "resistances," where the total relaxation time of 
the gas mixture is equal to the “parallel resistance" of the 


feweaxation times of its components, or 


h- 


x : oa a 
oe Peet OO wee)” mh CCOLeNa). 
i CO» Tt, (CO, CO.) No ie CO, N,) (2-5) 


where cor and Xs Jenetemtnic mole tractions of CO, and No 
See oeil ie tne Mixture. Similar expressions hold for ie and 
Tos The values of the component relaxation times, 
t,00,-CO.); etc., depend on the transition probability of 
Participating levels, gas pressure, and temperature. Data 
are f@iven in Appendix A. 

It may be noted that the general quantity T can be inter- 
preted as a mean iiie wequiIredw 1 Orva Single particle to make 
Petras telomerrom one Stave to another state due to colli- 
TOMee vee NeOtnier  par>leles.. Hence 1/1T represents the number 
Ol wUratistulens ot One Darticle per second. Thus the physical 
meaning of Equation (2-5) can be stated as follows: The total 
DiMG@ertNOne paler Me spraisitLiOns per second due to collisions 
Piven mee mame laln Ge GNe- Sum Of particle transition 


MemmomcoOlllstOMomwledeecaech Species present in the mix vure. 


Poli tare ohysical represenvalrion can be given to thes 
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average relaxation times of modes I and II. Making use of 


the "parallel 


ie 
re 


Ss) 
Nw 





4 
fas 


— 


a 
“2 i 


Equations (2-6 
ana (2-4) to ec 


defined by the 


Eie = MoRo, ——+— 


oe i 
where 
Coa 
Ro = 
My = 
Ry = 
alee 2 8 = 


*CO> | 





resistance rule" again, they are given by 


(2-6) 


AN 5 1 


v D4 7h 
b CO+5 Rese eT) 


) and (2-7) are combined with Equations (2-3) 
alculate E, and E, where E,, and E,, are 


LOlveviIne equi torium relations 


AV] hvo 


= 

e ELLE 
iW 
Iz 








~ 
I 
0) 

= 

ea 
Io 


[Sir ee | (2-8) 


cao) 


Mas Seite lon. Oi CO,, 

Spec ever caseconsuans Tor oo 

Mas sw Uracn1oOn OT N., 

Soe Cutler eas cOomspant Lor Ns 

CHaracteranurce Vibravional frequencies of the 


Simei cmouiouenlie. Dending . and asyaamevric 


StrepehiniG mode, respectively 


ie 





< 
il 


Vl weommenetrequency of N,, 


cS 
iI 


tratisclatrional temperature. 


In Equation (2-8) the degeneracy of the bending mode has 


been taken into account by doubling its energy. 


In a non-equilibrium situation the vibrational tempera- 
(eres for mode I and II, eT and Ts are defined by relations 


similar to Equations (2-8) and (2-9): 





Avy Fe 
Te Se 
By = MoaRa 2 ee 

hv AVo 

ev =! ae Sa. 
el KT) =o) 

i hv ~ | [ hy | 
2 K + mR K 

AV 3 , 

e so ela 
i | e (2-11) 


hMOowIne tune Vibrabacgnal temperature of the energy levels 
Within modes I and Il, their population can be computed as- 
suming a Boltzmann distribution locally within each mode. For 
example, the population of the (001) level in uo is 


obtained from 


hv 
N - 3 
Noo1 = Eee ee 
Q (eae) 


where Op immer wobec rt mot molecules of CO, per unit volume 


and 


a0 





= | - = 
Say ONS a “hve at 














Q =| l-e = we 
KT, ~ KT, ate 
(2-13) 
Peamene Dartitlon function. 
pemilarly , 
N hv 
N a ema 2 e KT, 
i O0 Q (2-14) 


C. GAIN 
PpOmlor roll) ome Of bie conditions for lasing action, 

Namely population inversion as a requirement for stimulated 
elssion, has been considered. Another, equally important 
Baeror 16 the amplaiitication of The emitted radiation in an 
Meeecal resonavecr. For lasing to take place it is required 
mietveune Palm De ereay enough Co surpass The inevitable re- 
—eaeorelossceses 11 of 25 the fractional loss per pass, then 


the condition needed is [Ref.15] 


eG 
im (2-15) 


ii as 





where Lo and 1 are light intensities before and after pas- 


sage through the amplifying material and are related by 


= a x 
I=ioe (2-16) 
hor teers trtoOge im tne x direction. K is the absorpticn 


Cee temiclentt Or Lae material , 


el 





Kx = - In a 


dx (2-17) 


nemwa certain frequency v the rate of change of radiation 
Mieemsipy. Git), as it propagates in a gas along the x axis 
imemeoverned by the simultaneous process of spontaneous 
Piss Lon, Stimulated emission, emdr absorption. 

[Corlicibe Ol eireaquency between V and vtdv the increase 


of energy in the beam is given by [Ref.16]: 
afI(v)dv] = hv G a T N ~ : 
LI(v)dv] prt Aay N,(v) eon (v)d a BL ,I(v) aN, (v) Jar 


(2-18) 
MeeGe nos oa sy 2870 are Une Einstein coefficients for spon- 
taneous emission, induced emission, and absorption; dN, (v) 
and dN. (v) are the numbers of absorbers and emitters in the 
Hoge andsuepper Waser levels; ¢€ is the velocity of light in 
Mie laser Medium... 

Equation (2-18) can be simplified by making use of the 
fact that spontaneous emission is non-directional and does 
MickelOresmouncoOluelbuve sapnaticantly to laser action, as 
COmMpared WilonelnOuCceGgvemission which is coherent with the 


Si amine wiadtauronm ane thereirore reinforces the beam, 





A dI(v) hv »T r » ey 
| hay ae Jeu = Fql Boy AN, (v)-BL dN (v) J (2 nee 


Ze 





Weems Equation (2-17) and integrating over the entire line 
@envuerea around Vo? 


co 


=F 


v 
\ 0 
—K } ey eee = a 
> (vidv i (B5,N, BLN) (2-20) 
O 

where a and Mh are the numbers per unit volume of all ab- 
wweoees aid emitters On the transition of center frequency 
Vor From Planck's radiation law and assuming a Boltzmann 


Paro bon under e€quilibrium conditions, the following 


relations can be derived [Refs.16,17]: 


E Bio = EoBo, 


pee ce, 
““  2hv3 “21 | a 


where E, aad E5 are the agegeneracies of tne lower and upper 
ms -Celevyeleay ee '(t should be noted at this point that the B 
coefficients have been defined in terms of intensity of iso- 
tropic radiation, I(v)/4m (see also Equation (2-18) ), where- 
Porcine sOrmoinak Binsteim B coefiricients were defined in 


wei wotU @wadiabtom Gens ity. The two kinds of B's are related 


by 
eae 4 
Bie@gdene iy) ee B(intensity) Cees 
Pals@O., trom. Rete . 
fee Sa 
el 
To Ce 
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Zeros ieer adaptive Titetime Of the atom. Substituting 
Equation (2-21) into (2-20) results in 


Oo ; 
cv Ao ig g 
{ecoray = S(vg) = —SE2f = yn 
Cnc e g 1 C22 2 
0 Om! 


eC 


where the negative absorption coefficient K(v) has been re- 
defined as gain coefficient a(v) and SCV) is the line 
Strength. A graph of a(v) vs. v is given in Figure 6. Here 
the line width is defined to be given by Av, the width of 
the emitted line at half maximum. The exact shape of the 
curve in Figure 6 may vary depending upon which physical 
principle is the dominating cause for line broadening in a 
Sev edesctuvetions, —!he GWO Major efrects to be considered 
are Doppler broadening and collision broadening. At higher 
ZlieorahUresEOornlower pressures the optical transitions in a 
Bae ,are broadened principally by Doppler shifts due to 
thermal motion in the gas [Ref.15]. The result is a 


Gaussian line shape with a Av of 


Ay = ©¥0/2KT 1n2 74 
ce mM 


(2225) 


where K DOMeZMeatin eons tant 
IT = absolute temperature 


m = mass of molecule. 


Ab higher pressures and lower temperatures, the inter- 


Mew oOwea) weoOllistoms si Pnititcantly reduce the length of 
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feme twnat the quantum state of a molecule is unperturbed 
[Ref. 15]. Collision broadening becomes important, result- 


ing in a Lorentzian line shape with Av defined by 


g(v) = $8 —_____2_____ 
ey er a 
2 (2-26) 
At line center, 
Av = & i 
7 E(v_) 
(2-27) 
where gE(v_) is a line shape factor [Ref.17] given by 
= 2 
A ee re ee 
0 
SN oo jeans =e ae 
a ee ey 
ale T M M. 
co, “4 (2228) 
Here Ns = number of molecules per unit volume of species i 
oa: collision cross-section for collisions betivreen 


CO», and species i 


"CO —snoreoular weieht: of CO, 


M; = molecular weight of species i 


R 


Mat versail eas constant . 


MecusaiecOctTIaCment tor collision broadening is, from 
edd 
S(vo) Av 


a(v) = rage et 5 
OT (v-v_ )* + ey 
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Tne gain re at the center of the line becomes, substituting 


Equation (2-24) 


2 
Pee ee ele?) 21) 
0 TAY 





8nve oe i 
TV ee 
ae (2-30) 


At pressures above 10 torr the line width is, from Retail), 
predominantly collision broadened. Ror: The oo laser transi- 
tion between levels (001) and (100), with G, = 8 = iy ine 


2 
gain can finally be written, making use of Equation (2-27) ; 


2 
_ 2 
“0 ~ BF 4001-100 Mooi : "100 | E\Vo) feces 


pifere XN 1s the wavelength at center line and B(Vg) is as de- 


fined by Equation (2-28). The following data are given in 
het .l/: 
2 ik ms -1 
“001-100 ~ T5, ~ 5.38 sec ~ 0.186. (sec™™) 
Ogg, = 1.30 x 10-1" (em?) 
x g = o 
ON, = O.o7) x 10 (cm ) 
O =e Oe ek 10714 (om) 
He 
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iiieune previous Section a CO, laser scheme has -been in- 
Mespueated in which the Upper laser level was pumped pre- 
dominantly by vibrational energy transfer from excited 
Maprogen. An obvious way to increase the laser eriicLency 
is to find a pumping scheme where ideally all or at least a 
Baree fraction of the N, molecules could be raised to an 
excited energy state. One method of achieving this was 
found by Basov [Ref.18] who in July 1969 reported the suc- 
cessful operation of a chemically pumped laser. In this ex- 
periment Basov obtained population inversion witnin the 
energy levels of CO, Duetleastmneuolysis Of a mixture of 
hydrazoeic acid (HN 2) and carbon dioxide where the decomposi- 
mor OL HN, peeduced 11 trogen molecules ieee Onced Suave. 
A very similar experiment has been carried out by DZnzeazZznoe y 
and co-workers; it is described in detail in Ref.19. In 
this work only the highlights of the oe laser will be 
presented. 


The mechanism of the photolysis reaction is principally 


determined by the following processes [Refs.18,19]: 


HN. + hv 2 NH® + N, - 10 Keal (3-1) 
x os 3: = 
NH*® + HN, eee tlt 152 Keal (3-2) 

, > os . ak 
N5* + OHN 24 aN. * + aNH* + N, (3-3) 
% sf 4% (3-!) 

No* + MeN, + M : 
M+ HN* 2 M* + HN (3-5) 


er 





Here HN* and Ne are vibrationally excited molecules. M is 
emorlivent molecule, and a is eee number of 3 
molecules activated by one N.* molecule. 

ie equations above form a chain reaction with the chain 
Meacmemeadstor @ = 1. Rave constants are not available, how- 
ever it can be assumed that the reaction is fast comvared to 
Poe rate of Transfer of loratioval energy to other degrees 
mueerescdom [Ref.19]. This is important since lasing can only 
be expected if the pumping rate exceeds the relaxation rate 
as defined by Equation (2-5). In Figure 7% a graph showing 
relative intensity vs. time of the triggering light flash 
Se womene resulting lasing action is given as obtained by 
Rasov [Ref .181 with a resonator of 1.5 m length and 30 mm 
diameter. 

For the energy and @ain calculations of the CO.-HN 


Z 3 
ieser the resulvs obtained previously for the SS laser 
Pomoc siscan Wit a slighty modification. For the low pres- 
PUMessOolsdeiew corr Typically employed for CO,-N., lasers 
LRefs.20,21], the modes in Figure 5 had been approximated as 
harmonic oscillators that were assumed to relax independently 
Tee cieGunct walite is mo longer valid at the higher pres- 


Sures used in the CO5-HN Pascoe eweyovcoally 50 to 100-torr. 


3 
For this case energy from mode II is fed into Mode I with 
leet] Wire viicoeeuiiclowereenorgy level can no longer relax 


IM@epeneeniely ol bine Upper level. The energy E of mode I 


as given by Equation (2-3) will therefore have to be 
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redeitined such that the energy feeding from mode II is 
PMiomuGCodw LCreavmene Of this problem is given in Ref.22. 


tiemwecait O1 une CO,-HN. taser is, for a predominantly 


2 3 
collision broadened line, given by Equation (2-31). Un- 


Pagel Ghats relation are the populations of the upper and 


lower laser levels of CO... Mecomain@ to her .19 the energy 


meeained by the decomposition of HN. into nitrogen and 


3 
hydrogen is 71 Kceal/mole and it may be assumed that most of 
this energy is transferred into the vibrational energy of 
the nitrogen molecules. However, without knowing the rate 
constants in Equations (3-1) through (3-5), the number of 


memeecubes in vibrationally excited states of CO. can not be 


Ze 
eeeeulatved. 

POmebGermavive Metviod FO OblGain a measure of population 
inversion for the CO,-HN 2 Poet ersetmaiecared inwRei.19. The 
investigation of the infrared spectrum of cO., emission leads 
tO a measure of the vibrational temperatures in modes I ana 
Il as defined above. From Equations (2-12) and (2-14) the 
mumber of CO5 molecules in the upper and lower laser levels 
eomenow fe COmpuced.. Lhe Bain calculation for the CO5-HN 5 


laser is then carried out as described in Chapter II-A. A 


Sesten fOr Vite etascr a5, civen in the following chapter. 
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The flashlamp is a linear xenon-filled quartz tube 
foie oarattc lI eGo the Laser tube at a distance of about 
monciMu tO incvensity the light flash and ensure fast and 
Peievaneoulus Initiation of the photolysis reaction over the 
Mieco lentva Gl tne laser bDOoLh tubes are enclosed by a 
mommenm cylindrical metal shell lined with highly reflecting 
aeumamum foil. 

To detect the laser output at 10.6 microns a gold doped 
germanium infrared detector is used, operated at 772K Cid 
nitrogen temperature). The output is amplified and made 
Tee rceon a aqual beam oscilloscope. The other beam simul= 
Mmem@eousty shows the input from the flashlamp using a photo 
daode . 

The laser is operated at room temperature. The tempera- 
ture inside the fume hood is normally raised a few degrees 
toon LOO WN elrehe bulb tO minimize deterioration of the 
Peeimum chloride laser windows. 

Mex ctimiemumecotwstsys Of Lone tollowinge basic steps: 

lee © Live HN . generating apparatus is set up with measured 
amounts of reagents ready for exe. 

einem avacCivorsbaniwots Charged to desired voltage. 

See Generauvlon Of HN 3 is started and the evacuated sys- 
CNet Melee witheoreaebermined amounts of ee CO, ; and 
ey sacar y tonal cases. 

4, The laser is ready for one-shot operation. Photoly- 


Stops: Stal ved Dy tiring of L[lashlamp. 


Deeplast@eeacbion occurs and is recorded on oscilloscope. 
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B HIN GENERATING SYSTEM 


Hydrazoic acid (HN) is generated in a pyrex flask 


(Figure 9) using (1) NaN sodium oxide (solid in powder 


oe 
herm), and (2) HPO), phosphoric acid (syrupy solution in 
water, 80%). The amount of NaN, is measured accurately, 
texed With mineral oil and placed into the generating flask 
Meeeremovaing the relief valve assembly. The mineral oil con- 
Siderably eases handling of the highly toxic and somewhat 


explosive NaN. powder and will not affect the experiment 


3 
rer. 23 |. HPO) ieadded to obtain the following reaction: 


NaN. de HPO), = EN en (4-1) 


Knowing the volume of the vacuum system the necessary amount 
of pa Cam pe calculated to obtain Adee red partial pres- 
sre Of a ive wcuaeniGlhey Of Beal used in the generation 
Oa oe Pome cdmotionvin, Wtener Eitan required by Equation 
(4-1) to ensure complete reaction of NaN. Like the mineral 
ene we XCesmmmlOspmiOrlce acrid does not interfere with the 
experiment [Ref.23] and will be neglected. A magnetic stir 
(with teflon covering) is used to keep the reagents 
thoroughly mixed. 

the generated BN WmedicieprOucht into the Stainless 
[vec tatoo Leernrougtoe combination of two ball joints and 
a flexible connection Gaara ows). This arrangement provides 


ot 


a fast and easy way to disconnect the generating unit from 


Se 





Peewm@emtiOldsaiter cach Experiment for cleaning purposes and 
Peesomedoures a reliable vacuum seal after replacement. 
tiesmeacuring Of the vane is done by weighing an amount 
Mimassm@all class jar Of known weight. The filling of the 
jar and necessary adjustments are made inside the fume hood 
to avoid accidental breathing of the powder. During the 
peocedure the sliding window is opened just enough to reach 
aside Che hood. 
H.PO, is measured by manually opening stopcock M1 slight- 


3 04 


ly while the system is evacuated. The desired amount can be 


3 


read from a mm scale as shown in Figure 9. M2 is kept 
Ole@sead QUirang measuring CO avoid accidental spilling into 
Miemeenecraving flask. After closing the sliding window, 


Betetapron Of TN 1s starved by opening A with a reversible 


5 
meemcvor. The motor turns the stopcock 90° in 15 seconds 
[eval alcOmMablc SCOD in the open and closed position. A 
relief valve opens to the exhaust at atmospheric pressure 
to prevent damage from possible overpressure in the 
Beneravineg unit. The valve is also used Gurine iebushaie of) 
the system. 


A procedure for the operation of the generating system 


as part of the gas handling system is given in Appendix B. 


C. VACUUM SYSTEM 

The design of the vacuum system was determined by the 
follcowine requirements: 

i. T0 provide a specified mixture of gases to the laser 


Tube. 
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Seen COMsisae Of NON-corrosive materials for 
BenGring® Of hydrazoic acid. 

Peace aulon Of those parts of the system exposed to 
AN Vlei the: fume hood. 

4. Operation of the system by remote control. 

meeetaehe Ole nies Ssysuem 15 given in Figure 10. It con- 
meer er 1/4! stainless steel tubing and a 1/38" manifold. 
This allows the use of stainless steel valves that are oper- 
ated by solenoids from a remote control panel. A mechanical 


vacuum pump is used able to produce a vacuum of 1073 torr. 


bemore each experiment the system is flushed with nitrogen, 


to eliminate unwanted gases. Nitrogen was chosen since it 
4s also used 2s a2 commonent in the laser eas mixture and any 


Peworiine traces after pumping will therefore not affect the 
outcome of the experiment. A regulator between the nitrogen 
Mere wai valve Bers anstalled FO provide constant pressure 
Wewtne system and as a precaution against accidental 
overpressure. | 
The gases used in ae laser are of research grade and 
come in 1 liter pyrex flasks at a pressure of 755 mm of 
mercury. Their suaranteed purity is: 
CO5: 99.9952 
Ny: 99.999% 
He: 9999957 
The flasks are connected to the manifold using glass-to- 


metal seals. Each gas component employed in an experiment 
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io eem@erOodmecd into the system separately through valves 8,C, 
N, and H. Since the solenoids do not allow gradual opening, 
needle valves with a preset flow rate are located immediately 
behind the inlets. Manually operated bypasses provide an 
Soave vay GO adjust the rave of flow to a convenient value. 
This allows an accurate measurement of each gas component 
aoa oo Obs erVvins the absoluve pressure in the system. 
meen pressure 1S measured using a Stainless steel Bourdon tube 
gauge with a range from 0 to 750 mm of mercury with a preci- 
sion of 0.1% full scale. For more accurate readings at low 
Pweosures al! addivional thermocouple gauge 1s used. 

The laser tube consists of fused quartz and is 60 ecm long 


~ a8 ee 


eee art cas eae 
Weil OUULUITI 


Cy 


aie Miia ier Ulamevet. ine SNdS™ are ciose 
ehloride Brewster windows that are glued to the laser tube 
SiCce yee Gemeral Mlectric silicone rubber for an easy, 
inexpensive and effective seal. The laser tube is connected 
to the stainless steel tubing by a combination of ball joints 
and stainless bellows as shown in Figure 10. This has the 
twofold advantage of eliminating mechanical tension between 
the laser tube and the rest of the system and it makes the 
tisvallacvion parelcularly Simple. 

A step-by-step procedure for the operation of the entire 


gas handling system is given in Appendix B. 
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Hee enon LAMP DRIVING CURCUIT 

iw rasi ran earn yIne CIlPCUulLL COnNSiIsts of two electric-— 
ally isolated parts: The discharge circuit and the 
Pereasering network. 

iioedischaree Circuit has the following components: 

ieeimetisc mocgel LOL24 xenon filled flashlamp, 60 cm by 
memmine With a fused Guartz envelops and nickel plated copper 
sree urodes. 

eee mea pacl lTOrspank COnsi1sting of four 7 pF and two 
imeoeie heh voltage (up to 25 KV) capacitors in parallel. 

a An ere made of 3/8 inch copper tubing with 25 
‘pWindings and a diameter of 15 cm. 

Hae ecoOmoomenus are puLy LOceb ner WM Series as S¥rown in 
Figure 11, using 3 x 1/4 inch copper bars and, inside the 
fume hood, 3/8 inch copper tubing. All connections are sil- 
ver soldered to minimize losses. The remaining very small 
ohmic resistance (R = 0.0018 ohms) has been neglected in the 
circuit design. The effects will be considered later. 

A calculation of the operating parameters is given in 
Appendix C. The most important single parameter, the pulse 
Guration T, is determined by the values of C and L. Since 
Varieties: Ia eceare NOL cCasily obtainable due to the physical 
pEgco Ol  Umemeapactyorseeehne desired pulse duration is speci- 
fied by the inductance. It must be short enough to avoid 
overlapping with the beginning of laser action [Ref.18]. On 


the other hand, Markiewicz and Emmett [Ref.24] point ou* 
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mitcoeaoe Gouda! pulse JTengeths of less than 100 to 125 sec an 
focrtGpuomaleare Inducvance and hysteresis in the V-I-charac- 
weriot te become important for flashlamps of the kind used. 
POiwdemieanse OF Cperalion in this study, the voltage- 
Gurrent characteristic of the flashlamp can be represented 


fRef.24] as 


ve = KA [eve 


(4-2) 


The sign is chosen to be the same as the sign of i. Ko 
is the lamp impedance parameter and can be considered to be 
a nonlinear resistance with units (ohms - amps 1/2). Ky Ss 


determined by 


- 


l = length of discharge column 
gd = diameter of discharge colum 
k= proporvionality constant, dependent on gas mixture 


in the lamp. 


For the tlashlamp used Ko is given by the manufacturer. 
ine ilashlamp duscharge cGureuil shown in Figure 11 is 


described by the nonlinear differential equation: 


di eee 4 | 
Li apt Ko | a + 1 ( i dt = V (4-4) 


or 





where V = voltage of the Soeectvonr Dank.7 This relationship 


(AoeoenoiMoliined by making the following substitutions and 


normalizations: 
ey 2 
20 =(¢) 
tons * 
0 
T = (Lco)t7e 
mes Ye 
a | (4-5) 
a = a8 
vai? (4-6) 
Equation (4-4) now becomes 
aI, We Be ae ‘ae 
Sz ta | I | + f icy eae! (4-7) 
0 
where ao is the damping parameter for the circuit. A solution 


of Equation (4-7) has been obtained by Markiewicz and Emmett 
Using a digital computer. Using their results and the data 
Coucuwlarecertietpoencix CC, a graph of I.vs. t is given. in 
Figure 12. The energy dissipated in the lamp is 


t 
E = f P dt (4-8) 


0 


iio bite s0OWCt ur as iven by 
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P=vi=k, |i [2° (4-9) 


(eoeretnomer Vo. F 1S @iven in Figure 13. 

bomiaeethe elteece Or Circuit less has not been consider- 
Pomcodsuaiy resisuive toss R in the circuit will produce 
a term Ri in Equation (4-4), which will modify Equation (4-7) 


to become 





dl. t 
72 ie 
se t fo + [TSP By I. | j tf jdt’ = 1 
0 is ie 
‘ (4-10) 
mom croyralostpaved by this linear loss is 
— 7 Z as 
Ee Rf Le Chev (4-11) 
0 


Assuming that for very small R, i, can be approximated by 
iMmasecaletlared for the Jossiless case, Be can De est tinaved 
Homer ietieceia., “HOr Phe. SiVen Circuit parameters the loss 
is found to be within 1% of the energy supplied to the 
flashlamp and can be neglected in this case. It would in- 
crease, however, to about 10% if the resistive loss were 
only a little higher, like 0.04 ohms. 

PmOouner factor thav might affect the flashlamp perfor- 
mance are the effects of short pulses mentioned-earlier. 


Both hysteresis and are inductance tend to produce a pulse 


that is more underdamped than would be expected. At the 
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Short pulse duration selected for this experiment some of 
Pewee  teccus Nave oe Present . 

Iiewe Ie Porime eywork essentially represents a switch 
iomiunenGdilscharpe Circuit that must be closed to dump the 
Pierey trom the capacitor bank into the lamp. A description 


Memes Urieoer circulce 45 Piven in the following section. 


Eee ELECTRICAL SYSTEM 

Mime VweclrMertluasyetemesastcally consists of the high 
woltage charging system for the capacitor bank, the charging 
rol syoucm, anda the Crigger circuit. The circuitry for 
the remote control operation of the gas handling system is 
Arsorlmeluded im this section. A brief description of each 
Saeenese Vestc Clemenvs 15 given below. The system has been 
designed and built nearly entirely from components available 
Sec aious mel Dalrerecular, portions of the high voltage 
equipment used in earlier experiments ("exploding wire" ana 
others) could be used directly or were modified for use in 
Memeo reine (oy siem- 

iceman 5) sb el 

A basic block diagram of the charging system is given 

in Figure 14. In the "dumped" condition the high voltage 
Vacuum switches are in their normal (de-energized) position: 
switch 1 is open, switch 2 closed. In the "charging" condi- 
PROM he OOS te lOnmOleume Vacuum Switches is reversed and 
the capacitor bank is charged in series with a 3 M2 resis- 


tor by a NJE (New Jersey Electronics) Model HA-51 varicct™ 
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high voltage power supply (0-30 KV O-10uNA). The charging 
Sweet cali De read from an ampere meter in the power supply 
panel (not shown in Figure 14). 

The voltage on the capacitor bank is indicated by a 
20uA API (Assembly Products, Inc.) meter relay, connected in 
mete s Witn a 200 M2 resistor and calibrated as a voltmeter. 
memalsO 25 the main controlling element in the charging sys- 
Pemevwintcha interrupts the charging process at the preset 
voltage. 

peeeecharcane Control System 

Prete Meee mr meomoenaretane comtrol curcuilt 1S given 
Sime ieure 155 In the “charging” condition relay Ry 1s 
elesec, Switch 2 Open. AS soon as the preset voltage is 
meached and the pointers of the meter relay make contact, 

Ry is energized and reverses the position of switches 1 and 
meee closing the “fire” push button activates R,, and “ime burn 
de-energizes oe The system is back in the charging 
eeondition. 

IiM@d@iical ore ErPeitamare connected as shown. As a safe= 
GY precaution a charge warning flasher and a microswitch at 
the fume hood window have been included in the charging 
Cimelit me COpemate Of phe sliding window has the same effecv 


celles een iiavon OUD spOsibion: interruption of Che 


2 
eharging process and dumping of any charge on the capacitor 


bank. 
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Le oem se Mircea v 
iiemilastmanospripser eireuit (Figure 16) consists 
of a Dressen-Barnes 300 volt, 70 uwA DC power supply, an 
8uF oilfilled capacitor and an ILC Model T105 trigger trans- 
Meimer with a step—up ratio of 60:1. The circuit is control- 


led by a relay, R miaueteo  eMereizea by pressing the "fire" 


2? 
mesh button. 
4. Gas Handling Control System 

tne remove control operation of the valves in the 
vacuum system was necessary due to the hazardous character- 
mime Ol Some Of tne Substances Used as mentioned earlier. 
Meme only Was it mecessary to open and close the valves from 
a remote control panel (as shown in Appendix G) but it was 
Pearomeecs liane to have an indication of the Seaver ok meal 
valve at a glance in order to avoid accidental operation of 
waves. The circuit designed to both control the solenoids 
for operation of the valves and drive the indicator lights 
ieee Clete li eure lf Only two of the solenoids are 
shown in the drawing. The others are omitted for simplicity. 
In addition, the connection of the reversible AC motor that 
opens and closes stopcock A in Figure 9 is shown. 

Operation of the switches for valve control at the 
panel (S, and Sy in Figure 17) energizes the solenoids tnat 
open the valves. At the same time an indicator light bulb 


teenice Ubeen the pamel. The operation of the indicavor 


No 





irencs Can be checked separately without energizing the 


solenoids by closing check switch Sy 


feo. PICA SYSTEM 

The optical system consists of the light generator 
(laser tube), light amplifier (resonant optical cavity), and 
iMrent devector. An alignment arrangement, aithough in itself 
Hemepare Cf bne Optical system, 1S required to adjust the 
moeeme components to the optical axis. A schematic is given 
ie kigure 16. | 

The laser tube is 60 centimeters long with an inner dia- 
meter of 20 mm and wail thickness of 1.5 mm. It consists of 
fused auartz with 38 mm diameter, 4 mm thick, sodium chloride 
windows. One window, Wo; is attached at the Brewster angle 
Sie5s0°40' (ror sodium chloride) to minimize Perlechion., Dut 
the other, w,, is attached at 40° to reflect on each pass 
Boproximacely ©.5% of the incident radiation [Ref.15]. ‘To 
SS OtielOcces ProOmemtcmatvchned polarization of the created 
tiene, eneeends Of the cee tube Mave CO be Cub Carefully 
ap bpme speciiied ee such that the smalier axes of the 
ellipses created by the cut are exactly parallel. To achieve 
Biers ss Le TolLlowine method was used: 

The ends of the laser tube were cut roughly at the de- 
Seco eanglic. “Mien ene Gube was mounted on a bench as shown 
iM ie ole eo. Owain One of the ends resting on a turntable 
Vives OMe = 2rindine compound. By moving the tube mount 2s 


indicatec, any desired angle can be accurately obtained. 
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Moreover, after turning the tube by 180° around its trans- 
verse axis the other end will be ground as specified above. 
item tiisnied Naser tube iS mounted on a standard laboratory 
type optical BeEnCheVWalGtmetiGo one i tudinal axis parallel to 
Che center line of the bench. 

The optical cavity is formed by two stainless steel 
(coated with nickel-—chromium) spherically concave mirrors 
Sf radius a = 4 meters and R, = 10 meters. The mirrors 
meow pieced 4a distance L = 78 cm apart in gimbal mounts on 
the optical bench, one on each side of the laser tube and 
aligned with it. In this arrangement the stability condi- 
moms stor COnlOcal resonators with mirrors of unequal radii 
are fulfilled (Appendix D). 

The spot sizes of the laser beam on the two mirrors can 


be calculated using Gaussian beam theory [Ref.25]. The 


foilowing relations apply: 


me aes So We 
AL 1 a =o 
g, (1 E185) | , (4-12) 
ee Ev. ps Wes 
e 1 
Bo(1-g, 8,5) 

2 ee (4-13) 
where Py» t, are the radii of the spots on mirrors Mo and 
M, and 

L 

gz ee eee 

- Ry 
ee (4-14) 

Me 
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From these equations the spot radii are found to be, for 


ye 10. 6um, 
mW =)2.35 ° 1073 (meters) 


2.20» 10> (meters). 


S 
Hi 


The diameter of the larger spot is twice r_, or 4.7 


i 
(terme ters. This spot size applies to the lowest order 
mode. The comparatively large diameter of the laser tube, 
movever, also allows higher order modes to exist which ex- 
Paine o ner ii Lhe transverse direction and have most of 
vem enerey Off axis. The actual spot size may therefore 
be bigger than calculated above. Since in this experiment 
miemmodes Of Oscillation are of minor importance, no further 
SeeselissiOn Of this Subject will be voresented. 

The amount of light decoupled from the cavity by window 
Wo Moret tecuec by a plane front coated mirror, ne from 
fiiere TP eialls at raght angles onto the light sensitive 
element of an infrared detector. Tne detector used is a 
gold doped germanium pHococ onan ctive infrared detector thav 
LeQuices scooby by ligula nitrogen. Ihe sensitive element 
is mounted in a Side-looking design dewar package with a 
Jiqguid nitrogen holding time of approximately 6 hours. The 
G@eviee 1S sensiviave to radiation from 1.0 to approximately 
10 microns. At the expected op iasereuadiatron of LO,orum 


the detector output is 1 volt for every watt of IR input with 


a response time of less than one microsecond. The bias 
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Seeeomcemcnt 1O0r ~The Gevector 1S shown in Figure 20. The out- 
Pilots 1eG Gareccly anto the preamplifiers of a Model 551 
MmektCronix oscilloscope. | 
Heeeiowmieanineniiwror Lhe Optical system a commercial 
He-Ne laser is used with a continuous output of one milli- 


meee Oot red tight. An alignment procedure is given in 


Peoenaix &.. 
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Veer en MeN DAL RESULTS 


ieee PRELIMINARY EXPERIMENTS 
1tver the construction of the laser system was completed 

several experiments were carried out to test individual 
sections of the system. 

meopecauiom ol the Charging and Trigpeering System 

A number of modifications and improvements were 

found necessary before the final design as described in 
mSeeur1on EV- was arrived at. A listing of the. changes made 
Tone OnmLribuvce little To the understanding of the system 
eeerevion and would be beyond the scope of this work. One 
modification, however, should be mentioned. Alter the ori- 
mmaeieslow power 5SOOV supply of the triggering circuit was 
damaged by overheating it was replaced by the 300V supply 
presently used because a more powerful 500V supply was not 
moimedtavely available. A series of flash experiments show- 
ed that even at discharge voltages as low as 4.5 KV the 
flashlamp could be reliably triggered. 

2. Operation of the IR Detector and Photomultipvlier 

MOrebiewGetecetlon Of the Iieht output from the 

M@eshlamova onecvomultipiter tube was originally used. The 
pulse duration obtained was approximately 1000usec, as com- 
pared with the expected value of 100usec. In control ex- 
periments using the infrared detector it was found that the 


iegeomialiecime won rie PM was responsible for this (Ficum 


aa 


, ° 





the same experiments also showed that the rise time of the 
meevomultviplier 1s of the order of 100usec. 

iiemompoulbweron tie [IR Gevector (Figure 27) indicat- 
ed that its response sufficiently overlaps with the spectral 
range of the flashlamp output to make it useful for the de- 
Mmeeetonm Of the Tipht input to the laser. The rise time of 
the light pulse as measured by the IR detector was about 
Belisec which agrees with the expected value. The fall time, 
however, was even longer when measured with the IR detector 
mia had been with the photomultiplier. This indicates 
eiae tne inirared detector was saturated and its output 
Mesecilvbiy influenced by other effects in addition to the 
iment flash. 

Ise (armiloremeerrect waiape OF the light pulse the 
IR detector was removed from the immediate neighborhood of 
eurrent carrying leads and the light input was decreased by 
lowe wateaperture with a small pinhole in front of the de- 
ZeOrmomecryebale in addition, the detector was directed 
toward the wall and eitelded from the flashlamp by a metal 
Sieecbmuo aveddset ect omrom Neat radiation from the lamp. 
The pulse shape Ope de tpane slash Obtained in this arrange= 
ment is shown in Figure 28. On the same photograph the 
shape of the current pulse in the discharge current lead is 
opera irom, Jes tOWo wees Gelrector output of the light 
mia ihe ne ma@eLecChor am proper position for the detection 
Cult nactilonwman Letran” filter has been used tc oe- 


Crease tae Iiehewinvensity in the visible. The picture 
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Peri ye shows thay the current pulse for the discharge cur- 
rent lead is picked up by the detector and superimposed on 
Mees decvrected light pulse. It is suggested ieee ft uiet nei 
experimentation, the IR detector be relocated at a distance 
as far from any current leads as it is possible within the 
feeecowsdlMmensi1ons Of the fume hood and that a copper wire 
mesh be put around the detector Gorin Zespackup. [rom any 
Pemreces OlNer Than the light to be detected. 

iieat tam OU Senduration of the light flash in 
Figure 28 is about Sec. still more than twice as long 
as expected. The current pulse in Figure 28, however, is 
Eeepeavout, LO00uwsec long which might indicate that the flash 
iwmeatron Could be Shorter than indicated by the detector. 

Sob eratton Gc. the Discharge Circuit 

MiemorschareecirculLl Was desipned Co deliver a cur- 
Pause metwcir. Lica l damping, as Shown in Figure le. The 
actual pulse shape has been determined in several flash dis- 
charges at voltages between 5 and 8 KV to be an underdamped 
pulse with Figures 28 eed giving typical examples. The 
current has been ceo bya taieGane four Turns «of an insu 
faved single wire lead around the high current lead and con- 
necting the ends of the wire to the oscilloscope. The 
explanation for the underdamped pulse is very likely to be 
mew ecewnidMeranice that, as bolnted out in Section IV-D, 
becomes important at pulse puraraons below LOO eto. 1>0usec. 
From Houation (4-6) it can be seen that the damping fagtor 


can be increased by decreasing the inductance. It is 
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emaecstvced, thereiore, that prior to further experimentation 
Mem iniadierance fin the discharge circuit be decreased by 
Time mectilrtiewparhe Or all Of the turns. Because the arc 
inductance can only be guessed by comparing the actual cur- 
Pee ouloce With Figure 12 —- a short calculation using 
Equation (4-6) and assuming a damping factor of approximately 
0.6 for the current pulse indicates an arc inductance rough- 
ly two times as big as L -, this should be done in steps and 
Mew chnange Of the current pulse shape recorded in repeated 
Sesecnarces . 

The capacitor voltage was measured using a Mek tireOm ds 
high voltage probe with a step-down ratio of 100 to l. The 
voltage change during the discharge is shown in Figures 30 
geste ine shape of the curves aiso indicates a shorter 
Pulse Gduraviton than was obtained from the IR detector, 
BeptoOxmimMapwely t>oU0usec. Here the sharp voltage drop in the 
Misc Oalrb Ol he curye 1S assumed to be due to the flash 
discharge, whereas the following slow decrease is assumed 
to be caused by an Econ on of the lamp. 

4. Operation of the Vacuum System 

The remote control operation of the vacuum system 
has caused no problems. All major leaks have been found and 
Seu Led wee Demon Laenmany Connections in the system = every 
valve alone requires two connections - smaller leaks have 
not all been found and a helium leak detector will have to 
be employed. However, since the system is not designe’ @s 


a high-vacuum system, a small amount of leakage can not be 
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Comolevely avoided. At the present time leakage amounts to 
emo ressure ancrease of approximately 5 mm of mercury per 


hour. 
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VI. SUMMARY 


Mimic eCmromiceb ies On Chis project were to design and 
Pemstruer 4a chemical a laser system with initiation by 
Peovolysis of HN 2. Pnese @©bJectives have been achieved, a 
complete laser system has been developed and its major parts 
fee ecd,es | Oso1ble Aamprovements are Suggested. 

Miemiilt;OledccOomplishments an the development of this 
Sysvem are summarized as follows: 

1. A quartz laser tube with NaCl Brewster windows was 
Sesereneda and fabricated. 

eee necro fh power flashlamp was selected and 
imo cal led. 

Pee Cem eetic TecOnlsurucuion Of a corrosion resistant 
Peamovemeonurol gas handling system. 

4, A remote control HN generating system was 
ae Ve Lope. 

ee et power tlashlamp driving system was designed 
enicduerabigkcaled. 

Oemebesien and installation of a reliable charging and 
COU ly roOdwes ys uci 

7. Arrangement of the vacuum and generating systems 
inside a fume hood with an exhaust to the outside. 

Limiidtiwenmnine Oasae Principles and equations govern— 
ing the operation of a CO,-N. laser system have been 


ee 
included. 
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eee wa VIBRAPIONAL RELAXATION TIMES 


Tye vibrational relaxation times are taken from the 
survey of Taylor and Bitterman [Ref.12] and from Ref.26. 
meeirudedeare relaxation due to collisions with CO. ; No; and 


He. 


1.3-102(m-173)4-9 


pt, (CO5-N,) 


7 Boras 
pt, (CO, CO, ) =| 9988 (T-300) + 0.2] pt, (CO,-N,) 


- 


Porshe 2000" K 
pt, (CO.,-He) Se COo 5) 


93(p72/73) ~ 4.61 


ll 


log[pt, (N,-N5) J 


pt, (N5-CO,) pt, (N,-N,) 


log[pt, (N,-He) J 60.7(T 173) — 4.168 


loglpt,(CO,-cO,)] = 17.8(17773) - 1.808 


oe Apt ,(C0,-CO,) 


I 


-1/3) 


log{pt ,(C0,-He) J Se Folk See Or 


inmeenem@abovescorrelations, pt) is in (vsec-atm.) and T is in 
(°K). At an assumed temperature of T = 300°K the relaxation 


Cimes become: 


Br 





pt, (CO.,-N,) 
pt, (CO5-CO>) 


PT (N5-No) 
pt, (N5-CO,) 


pt, (N.-He) 


pt ,(C0,-CO,) 
pt, (CO3-N,,) 


pt, (CO,-He) 


i 


i 


eee 


ore 


Zo) 


O7425 


usec-atin 


usec-atm 


uUsec-atm 


usec-atm 


usec-atm 


usec-atm 


usec-atm 


usec-atm 


usec-atm 
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APPENDIX B: OPERATION OF THE GAS HANDLING SYSTEM 


A step-by-step procedure is given for the operation of 
megemecas nandling system. At the end of each step the open 


Valves are listed to provide an additional control. 


Preparacion Of Experiment 

Capacitor bank not charged. Fume hood open. 

1. Clean system, close all valves. [No valves open. ] 

2. Weigh desired amount of Naki. add-mineral oil) snake: 
Remove stopcock from generating fléesk, pour mixture into 
flask, replace stopcock. [No valves open. | 

2 ae HPO, (syrupy) into storage container. [No 
valves open. ] 

ieoocoes and TT, flush with No, byeopemine and elosine 
bee clese S. (Open: TT. ] 

poeeooen Of, Mo and if, flush wath Ny by opening and 
@lesane 8. Close 0. [Onen: T, I, M. ] 

6. Open M2 and S. SHiben on pump. Open P. Pump down. 
Percent. Moe M20 S57 P...] 

(emeeclose M2.) Open Ml and fild papette to the desired 


Poli Chose ih | (Open; Tf, 1, M; S; P.! 


Perrormine Of BxXDera mene 
Capacitor bank charged. Fume hood closed. 
Seer Cloce Ulewormeand P. . Drain HPO) by opening and 


Plo nse (novoreuawes-15 Sec. to turn valve). Generag 
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a Pitt x mm ee iiwomlracemevube by opening and closing 
epeelOoen: IL, M. 4] 

See Open IT. Add yy mm CO, Pew opecmiInec and closing C. 
enen; Tf, L, M.] 

Beem cic! Y> mm N, by opening mMigiechocine Ne. [Opens “T. i, 
Ri | 


11. Add mm He by opening and closing H. [Open: T, I, 


2 
M. J 

12. Close T, I, and M. Fire flashlamp. [No valves open.] 

13. Flush system by carrying out steps 4 and 5. ([Open: 
T, I, M.] 

ele Petioue and clean generating system. Replace, open 


VWemmose and £, Keep System evacuated until experiment is 


mepeated, (Open: T, 1, M, P, M2, 8.] 


of 





miemoperarvomeoe! une laser has not been part of this 
once hoe wilt be waccomplished by Francis G. Helmsin, also 
Gumume Uo. Naval Postgraduate School, who will continue with 


mee Dro) ect. 
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APPENDIX C: FLASHLAMP DRIVING CIRCUIT PARAMETERS 
Dave tor the Flashiamp as Given by the Manufacturer: 
Lamp impedance parameter: 

Ky = §0(Q-amp?/2) 
pImale Shot explosion energy constant: 

K = iO? ( jotes-secu’ -) 

Max average power (convection cooling): 

Bee OO Wael S)) 


Min required voltage: 


teen = 2700(volts) 


Operating Parameters: 


tereim@atesecivance: CC = 31.4 (uF) 
Oban Cue Gan ae ; i = BOinO (uH) 
Total Resistance: hee OOo 2) 


orioeed tami Vem in Rets. PR eet ne. tOlLVouine caleulacions 


can be made: 


emeomcomot aint. — = (Lc)l/e 
tr = (30°107°+31.4+-1076)1/2 
ta 20 ft lsec 
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piece DUrataon (102 current points): 


FST 


al 
I 


92.1 (usec) 


Eeosi0on Energy: 


ee 
a ee 
Sor Mee joules see. 29030.79272 (usec)272 
E. = 7.2+10°(joules) 


The explosion energy is the energy where the lifetime of the 
lamp iS equal to one flash. For energies less than the ex- 
Peeosvoneecncrey the lifetime is determined by the loading 
mower we Aneona une energy dissipated in one flash, E. The 


Cait onmesmip can be approximated using Ref.2/7: 


SG: 
tine lashes): =A s (A-1) 
where 
Ef a 
) a — A-e2 
- ( ) 


A graph of average lifetime vs. flash energy is given in 
aU eee le 
Te ilash energy & is a function of capacitor voltage V 


given by 


B = 0.5cC(¥ - v,)° (A-3) 





where ee ioeviewrestaval voltage that remains on the capaci- 
POmEoatiowalver the Imeht flash extinguishes. This value has 
been found from preliminary experiments to be about 2000 
ome s eine values thay V can take on are restricted by the 
iemiuitcetwelv Lor Cricvaical damping. The damping factor, a, 


mepouvyen by Ref.27: 


Ko 
ee ree a 
(vZ,)1/8 (A-4) 
where 
2. = (zy _ [30:107° \" 
woe \ 31.4+1076 
Zo = 0.975(2) 


From Ref.24, for critical damping the damping factor lg 


is 


ime weOieresoOnding capacitor voltage, Vo> can be calculated 


Peoneeauvarion (f-4) to be 


Wet _¥O _ (80)*(2?~amp) 
ey (0.8)°+0.975(2) 
G70 
Vo = 10.25 KV 


To meet the warrantees regarding lamp life given by the 
Mamutacturer the Capacitor voltage can be varied only 


cate 
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ia oO oS ed 
The respective voltages are, from Equation (A-4): 
5.43 ia hy 


item lash energies corresponding to these voltages are, from 


Equation (A-3) and assuming a Was See Our yolns. 
185 < E < 2040 (joules) 


Peeraphn of flash energy vS. Capacitor voltage is given in 


Paueure 22. 
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APPENDIX D: STABILITY REQUIREMENTS FOR CONFOCAL RESONATOR 


fecemmocal resonator 1s Stable, if [Ref.25]: 


< < = 
ors E68 51 (A-5) 
where 
L 
GB zl- = 
alt Ry 
and 
(A-6) 
as L 
Ro a 


here Fb is the length of the cavity and Rj, Re ere (the radii 


O 
Seeune Mirrors. Using Equation (A-6), the left hand 


incquality cf Equation (A-5) can he written 


tL L 
os f EO +m) (A-7) 


mots piequality has two solutions, 


/ 
0 </1-E4 Jana o A ee 
( | Ro (A-8; 
a L 
0 a iE eee qd 0 lt _ om 
‘ L Jan ( ; (A-9) 


From Equations (A-8) and (A-9) it follows that 





1A 


Ol 


IV 


PS 


< 


or (A-10) 


Ee 

V 
U 
a 


eas 
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This means that the length L of the cavity must be either 


Pa oeeieweuMac oMaleler radius or more than the bigger radius. 


Pe@erwdew +ehceinand anequality cf Fquation (A-5) it is 


mequired That 


L L 
en, 
Ry R5 


[A 
1 


mene alter a tittle algebra, 


< 


(A-11) 


(A-12) 


Pompe resonator Fo be stable, both Equations (A-10) and 


(A-12) must be true. For the values of L, Ry; anicdwk. ah the 
resonator under consideration (L = 0.78 meters, R, = 4 me- 
ters, Ry = 10 meters), the inequalities (A-10) and (A-12) 
become: 

One. 4 

On7ee- 44.6 


wieeh Shows that the resonator 1s stable. 
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APPENDIX E: ALIGNMENT PROCEDURE FOR THE OPTICAL SYSTEM 


MiemonuTeCalssvysvem as aligned with respect to the opti- 
eo wee wirel) 245 detined to be the line that passes through 
the center of the laser tube. The alignment laser is posi- 
tioned at a distance of approximately 5 meters from the sys- 
memedim such a manner Chat its light beam intersects the 
erica! axis Of the system at the center of mirror M2 
(Figure 16). The alignment procedure is as follows: 

ho lstenlenice Ms, 


With the optical axis (center of laser tube). Me remains in 


adjust BS until the light beam coincides 


‘this position and needs no readjustment as long as the 
alignment laser is not moved. 


Mee elacomc reac iba! mount With marror M. an position 


Z 
“icmeciarecme light bean falls exactly onto the center of 
M.: This can be achieved easily by temporarily replacing 
M> by a metal aperture with a small hole in the middle. 

eee eee M5 Dyer pie COaUrols of the gambal 
Mev@emlMLailw Lie reilected beam coincides with the original 
ie ai. 


4. Repeat steps 2 and 3 for M Here the back side of 


1° 
the mirror (plane, stainless steel coated) is used for 
AiuosnmMemermeassimIne tial the Mirror plane is perpendicular 


CO, tmevoOptLeal axis, 
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APPENDIX F: DRAWINGS 
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Figure 1. Vibrational States in the COs Molecule 
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In the bending mode the atoms may vibrate in two mutually 
Pei Vet eu leet es. causing a twotold deseneracy with 


Slightly different energy levels. 
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APPENDIX G: PHOTOGRAPHS 





Reyes 2 3. Oa ale Laser and Control Panel 
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Figure 24. Optical Bench with Laser, Flashlamp, and IR 
Detector 
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Pieures 25. BN Generating sUnit 
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Figure 26. High Voltage Power Supply with Capacitor Bank, 
Triggem Unit, ana Oscilloscope 
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Figure 27. Distorted Flashlamp Output Detected by Photo- 
multiplier (upper trace) and IR Detector (lower 
trace). See also Chapter V, "Experimental Results." 
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Figure 28. Flashlamp Output Detected by LKR Detector (upper 
trace) and Discharge Current Pulse (lower trace). 
See also Chapter V, "Experimental Results." 
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Figure 29. Distorted Flashlamp Output Detected by IR 
Detector. See also Chapter V, "Experimental 
Results.” 
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Figure 30. “Capacitor Voltage During Discharge. See also 
Chapter V, "Experimental Results." 
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Figure 31. Capacitor Voltage (upper trace) and Discharge 
Current Pulse (lower trace). See also Chapter 
V, "Experimental Results." 
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